Introduction {#s1}
============

Intravenous thrombolysis with recombinant tissue plasminogen activator (rt-PA) within 4.5 h after the onset of stroke has been the major treatment for acute ischemic stroke (AIS) ([@B1]). It is strongly associated with an increased probability of survival without handicap and dependency at 3 months after ischemic stroke ([@B2], [@B3]). However, rt-PA treatment may lead to distinct clinical outcomes and also increase the risk of symptomatic intracerebral hemorrhage (sICH) ([@B4], [@B5]). Therefore, discovery of a blood biomarker for predicting prognosis and sICH is of great interest and help.

Previous studies have shown that von Willebrand factor (VWF) plays a vital role in thrombus formation at sites of vascular damage ([@B6], [@B7]). VWF activities are associated with its multimer size, with ultra-large multimers spontaneously binding to platelets ([@B8]). Interestingly, ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13) is a protease that can cleave ultra-large VWF into smaller, less reactive multimers, and the deficiency of ADAMTS13 can cause thrombotic occlusion of micro-vessels from multiple organs, including the brain ([@B9]). The VWF-ADAMTS13 axis has been proven to play a significant role in the pathophysiological microcirculatory disturbance of ischemic stroke ([@B10]). In animal studies, absence of ADAMTS13 exacerbates outcomes of ischemia or reperfusion injury ([@B11], [@B12]), while injecting recombinant ADAMTS13 reduces rt-PA-associated hemorrhage ([@B13]). Plasma VWF levels are elevated in diseases associated with the blood-brain barrier disruption ([@B14]), while whether low ADAMTS13 level is associated with more rt-PA-induced hemorrhage is unknown. In AIS patients treated with rt-PA, ADAMTS13 can predict recanalization, with no effect on functional outcome 3 months after stroke ([@B15], [@B16]). Its relationship with thrombus extension promotion might also play a role in the collateral flow after AIS.

In this study, we aimed to examine whether low ADAMTS13 antigen level before rt-PA treatment (1) could predict functional outcomes 90 days after stroke; (2) could predict hemorrhagic transformation; (3) was associated with poor collateral flow in a subset of AIS patients with large vessel occlusion.

Materials and Methods {#s2}
=====================

Study Population and Imaging Processing
---------------------------------------

We prospectively recruited consecutive AIS patients receiving rt-PA thrombolytic therapy from Huashan Hospital and Fifth People\'s Hospital of Shanghai, China from November 2014 to November 2017. The inclusion criteria included: (1) available blood samples after stroke onset and before rt-PA therapy; (2) underwent computed tomography (CT) scan at 24 h and magnetic resonance imaging (MRI) within 7 days; (3) complete baseline clinical evaluation including National Institutes of Health Stroke Scale (NIHSS) and follow-up data; (4) patients with mRS ≤ 2 prior to stroke. All patients were treated with intravenous rt-PA according to guidelines and clinical judgment of acute stroke teams. The primary outcome was defined as the poor functional outcome at 90-days follow-up (modified Rankin Scale \[mRS\] \> 2), which was recorded by a trained neurologist blinded to patient baseline information using a validated telephone script. Secondary outcomes included parenchymal hemorrhage (PH), especially PH Type 2 (PH2), on CT scan after 24 h and at day 7 after rt-PA therapy as defined in the European Cooperative Acute Stroke Study II ([@B4]). The study was approved by local ethics committees and the written informed consent was provided by the patient or authorized family members.

For AIS patients with large vessel occlusion from Huashan Hospital, we further assessed the collateral flow in the acute phase as previously reported ([@B17]). Briefly, the patients underwent complete baseline multimodal CT imaging including CT Angiography (CTA) and CT perfusion (CTP). The volumes of acute hypoperfused lesion (delay time \[DT\] \> 3 s), severely hypoperfused lesion (DT \> 6 s) and infarct core (relative cerebral blood flow \[rCBF\] \<30%) were calculated by validated thresholds.

Blood Samples and ADAMTS13 Measurements
---------------------------------------

Experimenters were all blinded to the clinical and imaging data. Peripheral blood (2 ml) was drawn with promoting coagulating tubes in the emergency room before rt-PA treatment and were centrifuged at 3,000 rpm for 15 min within 4 h. Then the serums were stored at −80°C until analysis. We measured the ADAMTS13 antigen level by ELISA using commercially available kits (LXSAHM, Magnetic Luminex Screening Assay, Human Premixed Multi-Analyte Kit; R&D Systems, MN) per manufacturer instructions. Intra-assay variabilities were \<15%.

Statistical Analysis
--------------------

Statistical analyses were performed using SPSS version 20.0 (SPSS Inc., Chicago, IL). A two-tailed *P* \< 0.05 was considered as significant. Continuous variables were described as mean ± standard deviation (SD) (for normal distributions) or median with interquartile range (IQR) (for non-normal distributions) and categorical variables were expressed as counts with percentages (*n* \[%\]). We compared clinical characteristics and ADAMTS13 level between groups with mRS ≤ 2 vs. mRS \>2, and groups with vs. without PH, using the Student *t*-test or Mann-Whitney test for continuous variables and the χ^2^ or Fisher exact test for categorical variables. In further multivariable analyses, sex, age and all covariables associated with *p* \< 0.05 in the univariable analysis were included. Univariable and multivariable logistic regression models were used to estimate the unadjusted or adjusted odds ratio (OR) with 95% confidence interval (CI) on the poor outcome at 3 months and PH per ADAMTS13 level. For subgroup analyses of patients with large vessel occlusion and CTP examination, the association between ADAMTS13 level and collateral flow was evaluated using univariable and multivariable linear models (coefficient \[95% CI\]).

Results {#s3}
=======

A total of 163 patients (mean age 66.2 ± 12.7 years, 63.8% men) were recruited in our study, 102 patients from Huashan Hospital and 61 from Fifth People\'s Hospital of Shanghai.

ADAMTS13 and Functional Outcome
-------------------------------

In the whole cohort, baseline ADAMTS13 level was marginally decreased in patients with mRS \>2 at 90 days than in those with mRS ≤2 (1458.4 ± 323.3 vs. 1578.3 ± 395.4 ng/mL, *p* = 0.046). Meanwhile, patients with poor outcomes were older (*p* = 0.001), with more history of atrial fibrillation (*p* \< 0.001), higher level of blood glycemia (*p* = 0.002) and baseline NIHSS score (*p* \< 0.001), and showed a smaller percentage of small artery occlusion but more cardio-embolism (*p* \< 0.001) ([Table 1](#T1){ref-type="table"}). In further multivariable logistic regression analysis, no difference of ADAMTS13 level was found after adjusting for sex and age (OR: 0.88 \[0.75--1.03\], *p* = 0.12), and all the confounding factors (OR: 0.92 \[0.75--1.13\], *p* = 0.43) ([Table 2](#T2){ref-type="table"}).

###### 

Baseline characteristics of the study patients with acute ischemic stroke receiving rt-PA thrombolytic therapy, according to mRS status.

  **Parameter**                               **Total (*n* = 163)**   **mRS 0--2 (*n* = 101)**   **mRS \>2 (*n* = 62)**   ***p*-value**
  ------------------------------------------- ----------------------- -------------------------- ------------------------ ---------------
  Age, mean ± SD, years                       66.2 ± 12.7             63.7 ± 10.9                70.3 ± 14.3              0.001
  Sex, male, *n* (%)                          104 (63.8)              69 (68.3)                  35 (56.5)                0.13
  Hypertension, *n* (%)                       101 (62.0)              59 (58.4)                  42 (67.8)                0.23
  Diabetes mellitus, *n* (%)                  45 (27.6)               25 (24.8)                  20 (32.3)                0.30
  Hyperlipidemia, *n* (%)                     36 (22.1)               27 (26.7)                  9 (14.5)                 0.07
  Smoking, *n* (%)                            63 (38.7)               38 (37.6)                  25 (40.3)                0.73
  Atrial fibrillation, *n* (%)                36 (22.1)               13 (12.9)                  23 (37.1)                \<0.001
  Previous stroke, *n* (%)                    21 (12.9)               13 (12.9)                  8 (12.9)                 1.00
  Antiplatelets, *n* (%)                      29 (17.8)               14 (13.9)                  15 (24.2)                0.09
  Anticoagulation, *n* (%)                    11 (6.7)                5 (5.0)                    6 (9.7)                  0.34
  SBP, median (IQR), mmHg                     150 (135, 164)          150 (139, 163)             142 (134, 165)           0.29
  DBP, median (IQR), mmHg                     85 (77, 95)             84 (77, 95)                89 (76, 98)              0.50
  Glycemia, median (IQR), mg/dL               122 (103, 155)          115 (98, 140)              136 (111, 180)           0.002
  Baseline NIHSS score, median (IQR)          6 (3--13)               4 (2--7)                   13 (8--18.3)             \<0.001
  Onset-to-tPA, median (IQR), min             175 (125--220)          180 (135--222)             163 (120--195)           0.06
  **TOAST classification**, ***n*** **(%)**                                                                               
     LAA                                      72 (44.2)               44 (43.6)                  28 (45.2)                \<0.001
     SAO                                      26 (16.0)               24 (23.8)                  2 (3.2)                  
     CE                                       46 (28.2)               19 (18.8)                  27 (43.5)                
     SOD and SUD                              19 (11.7)               14 (13.9)                  5 (8.1)                  
  Abnormal C-reactive protein, *n* (%)        12 (7.4)                5 (5.0)                    7 (11.3)                 0.22
  ADAMTS13, mean ± SD, ng/mL                  1532.6 ± 373.2          1578.3 ± 395.4             1458.4 ± 323.3           0.046

*mRS, modified Rankin Scale; SBP, systolic blood pressure; DBP, diastolic blood pressure; rt-PA, recombinant tissue plasminogen activator; IQR, interquartile range; TOAST, Trial of org 10,172 in Acute Stroke Treatment; LAA, Large-artery atherosclerosis; SAO, Small-artery occlusion; CE, Cardio-embolism; SOD, Stroke of other determined cause; SUD, Stroke of undetermined cause; ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13*.

###### 

The association between ADAMTS13 level and clinical outcomes and parenchymal hemorrhage.

  **ADAMTS13 (per 100 ng/mL)**   **Unadjusted**       **Sex- and age-adjusted**   **Multivariable adjusted**[^****a****^](#TN2){ref-type="table-fn"}                              
  ------------------------------ -------------------- --------------------------- -------------------------------------------------------------------- ------ ------------------- ------
  mRS 0--2                       0.86 (0.74--0.999)   0.049                       0.88 (0.75--1.03)                                                    0.12   0.92 (0.75--1.13)   0.43
  PH                             1.09 (0.88--1.34)    0.44                        1.08 (0.87--1.35)                                                    0.48   1.17 (0.92--1.50)   0.20
  PH 2                           0.94 (0.70--1.27)    0.69                        0.93 (0.68--1.28)                                                    0.66   1.02 (0.74--1.40)   0.92

*ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; OR, odds ratio; CI, Confidence interval; PH, parenchymal hemorrhage*.

*Adjusted for age, history of atrial fibrillation, glycemia, baseline NIHSS score and TOAST classification*.

ADAMTS13 and PH After rt-PA
---------------------------

There were 27 patients with hemorrhagic transformation after rt-PA therapy, 20 of them with PH type (10 with PH2 type). There were no differences of ADAMTS13 level between patients with PH after rt-PA therapy and those without (1592.6 ± 339.5 vs. 1524.2 ± 378.1 ng/mL, *p* = 0.44), or patients with PH2 and those without (1486.9 ± 359.3 vs. 1535.6 ± 375.1 ng/mL, *p* = 0.69) ([Figure 1](#F1){ref-type="fig"}). Similar results were obtained after adjusting for sex and age (for PH: OR: 1.08 \[0.87--1.35\], *p* = 0.48; for PH2: (OR: 0.93 \[0.68--1.28\], *p* = 0.66), or adjusting age, history of atrial fibrillation, glycemia, baseline NIHSS score and TOAST classification (for PH: OR: 1.17 \[0.92--1.50\], *p* = 0.20; for PH2: (OR: 1.02 \[0.74--1.40\], *p* = 0.92) ([Table 2](#T2){ref-type="table"}).

![Comparison of ADAMTS13 level between AIS patients with and without intracranial PH after rt-PA therapy. Data are expressed as mean ± SD. The ADAMTS13 levels were 1524.2 ± 378.1 and 1592.6 ± 339.5 ng/mL in patients without and with PH, and 1535.6 ± 375.1 and 1486.9 ± 359.3 ng/mL in patients without and with PH2 after rt-PA, respectively. ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; AIS, acute ischemic stroke; PH, parenchymal hemorrhage; rt-PA, recombinant tissue plasminogen activator.](fneur-11-00799-g0001){#F1}

ADAMTS13 and Collateral Flow
----------------------------

In 66 patients with large vessel occlusion, there was no association of ADAMTS13 level and collateral flow (for core volume: coefficient: 0.25 \[−3.86--4.37\], *p* = 0.90), for DT \> 3 s: coefficient: −1.58 \[−9.00--5.84\], *p* = 0.67; for DT \> 3 s/DT \> 6 s: coefficient: −0.47 \[−1.89--0.96\], *p* = 0.51) in multivariable analyses ([Table 3](#T3){ref-type="table"}).

###### 

The association between ADAMTS13 level and collateral flow parameters in patients with large vessel occlusion and baseline multimodal computed tomography.

  **ADAMTS13 (per 100 ng/mL)**   **Unadjusted**           **Sex- and age-adjusted**   **Multivariable adjusted**[^****a****^](#TN3){ref-type="table-fn"}                                  
  ------------------------------ ------------------------ --------------------------- -------------------------------------------------------------------- ------ ----------------------- ------
  Core volume                    −2.78 (−6.87 to 1.31)    0.18                        −1.87 (−6.08 to 2.33)                                                0.38   0.25 (−3.86 to 4.37)    0.90
  DT \> 3 s                      −9.68 (−17.9 to −1.44)   0.022                       −6.85 (−15.0 to 1.29)                                                0.10   −1.58 (−9.00 to 5.84)   0.67
  DT \> 3 s/DT \> 6 s            −0.01 (−1.32 to 1.30)    0.99                        −0.18 (−1.51 to 1.16)                                                0.80   −0.47 (−1.89 to 0.96)   0.51

*ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; CI, Confidence interval; DT, delay time*.

*Adjusted for age, history of atrial fibrillation and baseline NIHSS score*.

Discussion {#s4}
==========

In the present study, we examined the antigen level of ADAMTS13 before thrombolysis in 163 AIS patients and found the ADAMTS13 level was lower in patients with mRS \>2 at 90 days, but it was not independently associated with the outcome after adjusting for all confounding factors. Meanwhile, there was no significant difference between patients with and without PH after rt-PA therapy. In the subgroup analysis (among 66 patients with large vessel occlusion and baseline CTP evaluation), we also found no independent associations between ADAMTS13 level and cerebral collateral flow parameters.

The dysregulated VWF-ADAMTS13 axis has great effects on ischemic stroke ([@B10]). Bustamante et al. ([@B15]) revealed that reduced ADAMTS13 activity level was related to poor response to recanalization therapies (both in patients treated with rt-PA and mechanical thrombectomy) and Putzer et al. ([@B16]) found that the lowest quartile of ADAMTS13 activity was independently associated with less early improvement in NIHSS score (OR 1.298, *p* = 0.050). There was no association of ADAMTS13 level and 90-days functional outcomes in both studies, which was consistent with our finding. However, another study ([@B18]) of AIS patients treated with endovascular treatment found that low ADAMTS13 activity level was independently associated with unfavorable outcomes (mRS \> 4). The different results might be caused by several reasons. First, interventional therapy could improve the outcome by providing a higher likelihood of achieving successful reperfusion and a lower chance of complications ([@B19], [@B20]). Second, researchers in this study considered mRS \> 4 as the unfavorable outcome at 90 days which was different from our study (mRS \> 2). In addition, we measured the level of ADAMTS13 antigen, which was different from the above studies. These reasons might affect the grouping that was eventually included in the analysis.

Animal studies showed that the recovery of brain tissue in ADAMTS13^−/−^ mice was significantly lower than that in wild-type mice at 14 days after ischemic stroke ([@B21]) and intraventricular injection of recombinant ADAMTS13 3 h after middle cerebral artery occlusion could reduce tPA-induced hemorrhage by regulating blood brain barrier integrity ([@B13]). However, in our AIS patients, the ADAMTS13 antigen level was not independently associated with PH after rt-PA therapy. It has been reported that ADAMTS13 activity could return to normal level in the late phase (≥3 months) of ischemic stroke ([@B22]). There was a dynamic change of ADAMTS13 activity level in human during the process of AIS. The level of ADAMTS13 antigen might have similar changes, but blood samples in our study were collected just before rt-PA thrombolysis. This was different when compared with ADAMTS13^−/−^ mice. Moreover, ADAMTS13 level of the blood might not vary synchronously with that of the infarct or ischemic area in the brain. Whether ADAMTS13 treatment could be expected as a new therapeutic target still need further clinical studies.

Also from animal studies, the cerebral infarct volume was significantly increased with lower ADAMTS13 level after ischemic stroke ([@B23]) and regional blood flow of the ischemic cortex after reperfusion was significantly decreased in ADAMTS13^−/−^ mice than that in wild-type mice ([@B24]). Therefore, we hypothesized that decreased ADAMTS13 might be associated with poor collateral flow in AIS patients with large vessel occlusion. Our previous study demonstrated that core volume, DT \> 3 s and DT \> 3 s/DT \> 6 s could be used as parameters for collateral flow in AIS patients ([@B17]). However, we didn\'t find the independent association between ADAMTS13 level and collateral flow in our patients. Thus, ADAMTS13 might not influence recanalization or clinical outcomes through altering collateral flow.

This study had some limitations. First, although this was a double-center study, the sample size was relatively small especially the size of patients who received perfusion examination in the acute phase, which might cause higher selection biases. Meanwhile, the number of patients with hemorrhagic transformation might also be relatively small. Large pre-specified patient cohort will be needed to further confirm the conclusion. Second, we only collected blood samples before rt-PA thrombolysis. Since ADAMTS13 level varied over time after stroke process, serial blood samples will be needed to determine which timepoint was the best for predicting long-term clinical outcomes and hemorrhagic transformation. Third, the ADAMTS13 activity can only be measured in citrated plasma and such samples were not routinely collected for AIS patients. Since the activity assay had intrinsic limitations that it was performed in static conditions but had higher variabilities *in vitro* and in different pathologic conditions ([@B15], [@B25]), we chose the ADAMTS13 antigen level for more reliable and reproducible results. However, the utility of ADAMTS13 antigen was also controversial. In future studies, the ADAMTS13 antigen and activity, the VWF antigen and multimer size, and other molecules involved in the ADAMTS13/VWF axis should be simultaneously compared to confirm the utility of ADAMTS13 in AIS.

In conclusion, our study showed that ADAMTS13 level before rt-PA thrombolysis was decreased in AIS patients with 90-days mRS \>2, but was not an independent predictor for clinical outcomes. There was also no independent association between ADAMTS13 level and hemorrhagic transformation or collateral flow. Therefore, blood ADAMTS13 level could not be used as an independent biomarker in predicting clinical outcomes of AIS patients at 90 days.
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